Yersinia enterocolitica serotype O:3 and O:8 urease-negative mutants unable to express the 19-kDa ␤ subunit of urease were constructed and tested for virulence and arthritogenicity. Our results indicate that urease is needed for full virulence in oral infections and that it is not an arthritogenic factor in the rat model.
Reactive arthritis (ReA) is an acute, nonpurulent arthritis that occurs following an infection elsewhere in the body and is triggered by a variety of microbes (2) . The diagnosis of ReA is based on both clinical findings and laboratory evidence of the triggering infection. Although several studies have addressed the disease mechanisms behind ReA, the problem is largely unresolved. The similar clinical manifestations induced by a variety of different microorganisms have raised the question of whether conserved immunodominant antigens are involved. We have tried to tackle the problem of the pathogenesis of ReA by establishing an animal model in which ReA is induced by injection of live Yersinia enterocolitica O:8 into rats (14, 27 ). The animal model was used to show that the Yersinia adhesin YadA and its collagen-binding ability play a role in the induction of ReA (8, 9) .
In the search for arthritogenetic molecules from arthritiscausing bacteria, the urease molecule of Yersinia is of interest because Mertz et al. induced arthritis in preimmunized male Wistar rats by intra-articular injection of the 19-kDa ␤ subunit of Y. enterocolitica urease (15, 25) . Furthermore, the urease ␤ subunit was shown to be a target for the synovial T-cell response of patients with Y. enterocolitica-caused ReA (21) . Western blot and enzyme-linked immunosorbent assay analysis of sera from patients suffering from Y. enterocolitica infection revealed antibodies to this antigen (15) . Hermann et al. found that the ␤ subunit of Yersinia urease is an immunodominant antigen both for proliferative CD4 ϩ T cells and for synovial CD8 ϩ T-cell clones (1, 11) . In the present work, urease-negative mutants of Y. enterocolitica unable to express the 19-kDa ␤ subunit were constructed and studied for virulence and arthritogenicity.
Construction of urease-negative mutants of Y. enterocolitica O:3 and O:8. The bacterial strains and plasmids used in this study are listed in Table 1 . Bacteria were stored and cultured as described previously (9) . The presence of the virulence plasmid in Y. enterocolitica strains was confirmed by the expression of YadA using the autoagglutination test (13) , and urease activity was tested using the phenol red urease test.
The mutant strains were constructed using the marker exchange method, and the construction strategy is outlined in Fig. 1 . The kanamycin resistance gene block cassette (Km-GB) of pUC-4K was cloned into plasmid p19kd-107 (carrying the yeuABC genes; Fig. 1 and reference 25) that was partially digested with Sau3AI. Restriction digestion analysis showed that one recombinant plasmid, designated p14, carried two copies of Km-GB in succession inserted in the beginning or upstream of the yeuA gene. During the partial Sau3AI digestion and ligation, p14 had lost a fragment of about 1.5 kb of Y. enterocolitica DNA just upstream of the Km-GB insertion site. To reintroduce this fragment, which is necessary for homologous recombination, p19kd-107 was digested with EcoRI and the purified 1.3-kb EcoRI fragment was cloned into the EcoRI site of p14. The resulting plasmid was designated pPA14. A 7.0-kb StyI-ScaI fragment of pPA14 was cloned into EcoRVdigested suicide vector pRV1 to obtain pPA7. The extra copy of Km-GB was removed by digestion with XhoI, followed by religation; the resulting plasmid, pPL3, was mobilized into Y. enterocolitica strains YeO3 and 8081-R Ϫ M ϩ (Table 1) ; and Cm r Km r Yersinia transconjugants were selected on yersiniaselective CIN agar to obtain derivatives that had pPL3 integrated into the chromosome via homologous recombination. To select derivatives with a second recombination event to eliminate the suicide vector, cycloserine enrichment was used as previously described (8, 18) . Cm s Km r urease-negative clones were obtained for both serotypes; the serotype O:3 mutant was designated YeO3-U, and the serotype O:8 mutant was designated 8081-U-GB.
Characterization of YeO3-U and 8081-U-GB. The exact location of the Km-GB insertion in the mutants was determined by PCR and sequencing. The Y. enterocolitica O:3 urease operon (GenBank accession no. Z18865)-specific oligonucleotide primers used (Fig. 1, bottom) were Pr7 (nucleotides 487 to 468 of the sequence with accession no. Z18865; 5Ј to 3Ј primer sequence direction), Pr9 (nucleotides 168 to 187), MS47 (nucleotides 1 to 18), and Pr17 (nucleotides 194 to 175). The primers MS49 (nucleotides 718 to 735) and MS50 (nucleotides 1645 to 1628) are specific for Km-GB in pUC4-k (GenBank accession no. X06404). To exactly locate the Km-GB insertion site, primer Pr17 was used for sequencing of the PCR product obtained using primers MS47 and Pr7. In PCRs, chromosomal DNAs both from the two mutants and from the parental wildtype strains were used as templates. Standard PCR amplification was performed as previously described (23) and as suggested by the supplier of the thermostable DNA polymerase DynaZyme (Finnzymes Oy, Espoo, Finland) using 50 pmol of each primer per reaction mixture.
PCR using the primers MS47 and Pr7 gave the expected 487-bp PCR products with the wild-type templates but not with the urease mutant templates, while primers Pr9 and Pr7 gave 320-bp fragments with templates from all four strains (data not shown), indicating that the region upstream of yeuA was missing from the mutants. Pr7 was used in combination with Km-GB-specific primers MS49 and MS50, and 1.6-kb fragments were obtained with primers Pr7 and MS50 with the templates from the mutants but not with those from the wild-type bacteria (data not shown). These results indicated that the Km-GB insertion had taken place about 400 bp upstream of Pr7. This was confirmed by sequencing of the PCR products using Pr17 as a primer, and the sequence showed that Km-GB was in the Sau3AI site at position 95 of the sequence with accession no. Z18865. Taken together, these results indicated that the genetic organization of the urease operon in the mutants was as shown at the bottom of Fig. 1; i.e., the region upstream of the urease operon until the EcoRI site was intact. The about 250-bp fragment between the EcoRI site and the Sau3AI site at position 95 of the sequenced region was occupied by the fragment containing the 375-bp pBR322 fragment derived from p19kd-107 and the 1.2-kb Km-GB sequence.
The sequence of the urease operon of Y. enterocolitica O:8 (6) (GenBank accession no. L24101) is almost identical to that of serotype O:3. The O:8 sequence starts at the EcoRI site and shows that the 250-bp fragment mentioned above contains a promoter motif. In the mutants constructed in this work, the promoter would be missing and any transcription coming from upstream genes would be stopped by Km-GB. Thus, it was very likely that there was no transcription through the truncated yeuA gene to the intact yeuB and downstream genes and that the mutants most likely would not express any of the urease subunit polypeptides. This conclusion was supported by Western blot analysis, which showed that the wild-type bacteria (Fig. 2, lanes 1 and 3) , but not the urease mutants (Fig. 2 , lanes 2 and 4), expressed the ␤ subunit.
The stability of the constructed urease mutants in vivo was assessed in bacteria recovered from feces of rats several weeks after the initial challenge. All of the recovered colonies were Km r and urease negative, and in addition, the bacteria maintained the virulence plasmid, as shown by positive autoagglutination test results. These results demonstrated that the mutation was stable in vivo at least for several weeks.
Construction of YeO3-U::pCGL1. The 4.5-kb ClaI fragment of p19kd-107 carrying the yeuABC genes was cloned into the ClaI site of suicide vector pRV1 to obtain pCGL1. pCGL1 was mobilized into YeO3-U, and one urease-positive Km r Cm r clone designated YeO3-U::pCGL1 was chosen for cycloserine enrichment to select for derivatives with a second recombination event to eliminate the suicide vector and Km-GB. However, no Km s Cm s clones were obtained from several enriched cultures.
PCR using genomic DNA from YeO3-U::pCGL1 and primers MS47 and Pr7 ( Fig. 1 ) gave the expected 487-bp product that was not obtained when YeO3-U DNA was used as the template (data not shown). YeO3-U::pCGL1 was Km r , indi- cating that Km-GB was still present in the genome, and since it was urease positive (the yeuABC genes alone do not confer urease positivity on bacteria [25] ), these results indicated that pCGL1 had integrated into the defective urease operon of YeO3-U by a single crossing over at the yeuABC region, thereby restoring a functional urease operon. Virulence in mice. Female 6-to 8-week-old DBA/2 mice were used for virulence studies and were acquired from Bomholtgård Breeding Research Center Ltd. The mice were found to be healthy by the breeder and were kept under conventional conditions throughout the experiments. Virulence experiments with intragastrically infected DBA/2 mice were performed with wild-type strains 8081 and YeO3 and with the respective urease mutants 8081-U-GB and YeO3-U and complemented strain YeO3-U::pCGL1. For animal injections, bacteria were grown at room temperature on an orbital shaker (180 rpm) in 1 liter of tryptic soy broth in a 2-liter Erlenmeyer bottle until early log phase. The bacterial cells were collected, washed, and finally diluted to appropriate concentrations in 0.9% NaCl as described earlier (9) . For mouse infections, the bacterial suspensions were adjusted to 10 10 CFU/ml. From this suspension, serial 10-fold dilutions were prepared and 100-l volumes of appropriate dilutions were used for animal inoculations. The actual concentrations of viable bacteria were determined by colony counts on agar plates. Mice that were inoculated intragastrically were kept without solid food for 4 to 12 h prior to bacterial challenge. The bacterial suspension (100 l) was administered intragastrically directly to the stomachs of the mice using a 20-gauge stainless steel ball-tipped catheter. Mice injected with the serotype O:3 strains were given 10 mg of desferrioxamine mesylate (Desferal; Ciba-Geigy AG, Basel, Switzerland) intraperitoneally 1 day before the Yersinia injection. Animals were observed for 40 days after infection.
The lack of urease activity in 8081-U-GB reduced the virulence of the bacteria, as shown in Fig. 3 . The 50% lethal dose (LD 50 ) of 8081 in these experiments was about 10 6 bacteria per mouse, whereas the LD 50 of 8081-U-GB was almost 10 8 bacteria per mouse, i.e., about 100-fold higher (P ϭ 0.000152, calculated with Student's t test). It should be noted that 8081 and 8081R
Ϫ M ϩ do not differ in virulence (7). Experiment-to-experiment variation prevented reliable assessment of possible differences in virulence among YeO3, YeO3-U, and YeO3-U::pCGL1. Therefore, mice were coinfected with an equal mixture of either 10 9 YeO3 and 10 9
YeO3-U bacteria or 10 9 YeO3 and 10 9 YeO3-U::CGL1 bacteria and bacterial counts in different organs of the mice were determined after defined time points (Table 2) . One hundred colonies were patched on kanamycin-containing plates to determine the percentages of YeO3-U bacteria in the total counts. At 2 and 4 days after infection, two or three mice were killed and their spleens, livers, and Peyer's patches were aseptically prepared and homogenized in 1, 3, and 0.5 ml of sterile phosphate-buffered saline, respectively. Y. enterocolitica from the homogenates and serial dilutions thereof were recovered on CIN agar without antibiotics. The percentage of YeO3-U in the recovered colonies was determined by patching 50 or all of the recovered colonies (if fewer than 50) onto kanamycincontaining plates. Another coinfection experiment was performed with strains YeO3 and YeO3-U::pCGL1, and the percentage screening was done with chloramphenicol-containing plates. At 2 days after the inoculation, high numbers of yersiniae were recovered from the Peyer's patches and spleens. Clearly fewer bacteria were recovered from the livers. At later time points, the number of bacteria increased in livers but the spleens were what most of the bacteria colonized.
The percentages of Km r (YeO3-U) and Cm r (YeO3-U:: pCGL1) bacteria in the different organs were determined from recovered colonies ( Table 2) . Two days after inoculation, YeO3-U and YeO3-U::pCGL1 were present in proportions approximately similar to that in the inoculum in all of the organs tested. The wild-type YeO3 bacteria had outcompeted the YeO3-U bacteria in spleens and livers on day 4 after inoculation, because the percentage of Km r colonies was clearly diminished in spleens (P ϭ 0.050) and livers (P ϭ 0.039) compared to the percentages in the inoculum (statistics were calculated with the Mann-Whitney test). These results showed that urease activity is of importance for virulence when the bacteria are given intragastrically. The data also suggested that YeO3-U bacteria were defective in the ability to spread from the Peyer's patches into deeper tissues.
In the percentages of YeO3-and YeO3-U::pCGL1-infected mice, there were, on the other hand, no statistical differences between the 4-day samples and the inoculum, indicating that the YeO3-U::pCGL1 bacteria were as virulent as the wild-type YeO3 bacteria when administered orally to the mice. The plasmid-cured YeO3-c strain was, on the other hand, completely avirulent, as expected (data not shown). 
Virulence in rats.
Adult male Lewis/SsNHsd rats weighing 225 to 275 g were purchased from Harlan Sprague-Dawley, Inc., Indianapolis, Ind. Since the rat model absolutely relies on pathogen-free rats (9, 10), the animals' health was monitored by both the breeder and the Microbiology Laboratories, North Harrow, Middlesex, England, and only rats free of the most common rat pathogens were accepted for the experiments. The rats were also free of Bacillus piliformis when examined by diagnostic provocation. The rats were kept on autoclaved bedding of aspen wood in Macrolon cages under filter tops. The cages were in laminar-flow hoods, and the rats were fed a standard autoclaved diet and water ad libitum.
Increasing doses of 8081-U-GB and 8081 bacteria were administered in a total volume of 100 to 200 l into the tail veins of rats. During the injections, the rats were lightly anesthetized with methoxyflurane (Metofane; Pitman-Moore, Washington Crossing, N.J.). Virulence was estimated on the basis of the number of dead rats in each group after bacterial inoculation. The estimated LD 50 of YeO8-U-GB is 3 ϫ 10 8 bacteria (Table  3 ), while that of 8081 is about 6 ϫ 10 7 bacteria (9), i.e., a difference of about fivefold.
Arthritogenicity in rats.
To assess arthritogenicity, rats were examined for the onset and severity of arthritis by two independent observers as described earlier (9) . Briefly, each limb was examined every day at the beginning of the experiment and later every 2 days. Scores of 0 to 4 were assigned for each limb, 0 for negative and 4 for gross distortion with severe arthritic changes. Even though the virulence of 8081-U-GB was slightly decreased in rats after intravenous (i.v.) bacterial injection, we noted that the arthritogenicity of YeO8-U-GB was almost the same as that of 8081, without any statistically significant differences when calculated using Fisher's exact test (Table 3) . YeO8-U-GB bacteria, at a dose range of 4 ϫ 10 7 to 6 ϫ 10 7 bacteria per rat, induced an arthritis incidence of 73% (11 of 15), which is very close to the 80% (12 of 15) caused by 2 ϫ 10 7 to 4 ϫ 10 7 8081 bacteria in this work or to the 75% (9 of 12) caused by 5 ϫ 10 7 8081 bacteria reported in a previous study (9) . The onset of arthritis was slightly but not significantly delayed among the rats injected with 8081-U-GB compared with the 8081-injected rats (mean onset, 10.6 Ϯ 3.6 versus 9.6 Ϯ 6.2 days). The severity of arthritis, on the other hand, was to some degree milder in YeO8-U-GB-injected rats than in 8081-injected rats (Table 3) , with mean severities of 2.9 Ϯ 1.7 and 4.1 Ϯ 2.1, respectively.
In this study, we examined the role of urease in the virulence and arthritogenicity of Y. enterocolitica. The results demonstrated that urease seems to play a role in the virulence of orally infected mice or i.v. infected rats (Fig. 3 and Table 2 ). On the other hand, our results also showed that urease and the ␤ subunit of urease are not needed for the induction of arthritis in the rat model.
The decrease in virulence after intragastric inoculation of the mutated strains indicates that the main role of urease is during the initial stage of the bacterial infection, when the bacteria reach the stomach and small intestine. This was detected not only by regular LD 50 virulence tests of animals but also in the coinfection experiments by the ability of the Y. enterocolitica O:3 wild-type strain but not of the mutant to spread from Peyer's patches into deeper tissues. This is understandable when the fact that Y. enterocolitica is an invasive pathogen which enters the body via the gastrointestinal tract is taken into account.
Urease has been claimed to be a virulence factor in Y. enterocolitica primarily by enhancing the survival of bacteria during passage through the stomach and not by altering the pH of the macroenvironment but rather by generating enough a The bacterial counts in mouse organs at different time points are means of three separate experiments in which the following bacterial mixtures were injected: experiment 1, a dose of 2.74 ϫ 10 9 CFU/mouse consisting of 51% YeO3 and 49% YeO3-U; experiment 2, a dose of 2.6 ϫ 10 9 CFU/mouse consisting of 40% YeO3 and 60% YeO3-U; experiment 3, a dose of 1.45 ϫ 10 9 CFU/mouse consisting of 46% YeO3 and 54% YeO3-U. For YeO3 and YeO3-U::pCGL1, the corresponding bacterial mixtures were as follows: experiment 1, a dose of 3.8 ϫ 10 9 CFU/mouse consisting of 42% YeO3 and 58% YeO3-U::pCGL1; experiment 2, a dose of 4.6 ϫ 10 9 CFU/mouse consisting of 45% YeO3 and 55% YeO3-U::pCGL1; experiment 3, a dose of 2.6 ϫ 10 9 bact/mouse consisting of 45% YeO3 and 55% YeO3-U::pCGL1. b P ϭ 0.050 calculated by the Mann-Whitney test for a comparison of the percentage of antibiotic resistance at the time of sacrifice with the initial percentage. c P ϭ 0.039. The Yersinia 19-kDa urease ␤ subunit has, however, been used to study synovial T-cell response, indicating that this particular antigen still is considered to be of arthritogenic interest (16) . Our experimental arthritis resembles human Yersinia-triggered ReA considerably more than does the model used by Mertz et al. (15) . They induced arthritis by injecting the 19-kDa urease peptide intra-articularly into presensitized rats. It should be noted that similar arthritis can be induced by using a variety of cationic antigens, including methylated bovine serum albumin (19) . In contradiction to what has earlier been speculated on the arthritogenicity of the urease ␤ subunit, our results do not support the idea that the ␤ subunit is responsible for the arthritogenic disorder that occurs in rats after Yersinia infection. Yersinia strain 8081-U-GB frequently induced arthritis after injection at several different bacterial doses. In addition, the joint swellings observed were of about the same severity as those seen after 8081 infection and the swelling tended to last for weeks. The primary conclusion of this study is that the Y. enterocolitica O:8 urease ␤ subunit, however, does not play any role in the induction of arthritis after bacterial i.v. injection of rats.
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